First-principles calculations are performed to inspect the electronic and transport properties of a Fe-thiacrown molecular device, namely, a Au-Fe(9S 3 ) 2 -Au junction. It is found that the junction has a low-spin (LS) ground state and a high-spin (HS) metastable state. Further study shows that the HS state is a conducting state while the LS state is a nearly insulating one, which means that a switch between these two spin configurations results in a good electrical switching behavior and can serve as an ON/OFF state for a logic unit. Thus, it may find applications as switches or memories in molecular electronic circuits. V C 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Electronic devices using molecules, especially organic molecules, have been extensively studied both theoretically and experimentally in recent years.
1-11 These researches suggest that organic molecules can offer similar and even superior performances in devices than the conventional inorganic metals and semiconductors. Nevertheless, not all the organic molecules are suitable for electronic devices. Thus, it is always a central issue to discover and pick out those "nontrivial" molecules with special features which can be used for specific functions.
Among these special features, bistability is one of the most intriguing concepts for a molecule to be used as a possible electronic component, especially for memory applications and switches, and such bistability may be realized as two different electronic or conformational states 6, 7, [12] [13] [14] [15] of the same molecule. In particular, if these two states are luckily close in energy (with respect to k B T), the transition between them can be easily triggered by temperature, pressure, external field, or light. Usually, bistability is accompanied with different electrical behaviors, either as difference in conductivity or distinguishable current-voltage characteristics in the two states. For example, theoretical results have proved that a bistable stator-rotor molecule, consisting of a fully conjugated anthracene-like molecule that bridges the two electrodes and a -CONH 2 side group served as a rotor, can be flipped between bistable states (electrical ON/OFF state) with an external electric filed. 13 Thus, bistable molecules can be applied as promising switches or memory devices and are objects in long search.
Thiacrown ether is a kind of macrocyclic molecules that have long been known for its excellent properties like metal cation complexing and high selectivity for specific metal atoms. [16] [17] [18] [19] [20] In contrast, its exo-coordination behavior, 21 described as the sulfur atoms in thiacrown ethers catching metal atoms in an exocyclic mode, remains largely unexplored nowadays. However, this behavior provides a way of promoting formation of networking of macrocycles from zero to three dimensions, which makes thiacrown ether a promising material in fabricating nanoelectronics. A number of exocyclic frameworks based on thiacrown ethers have been synthesized in the past years, which paves a way for utilizing thiacrown ethers in specific applications. [22] [23] [24] In this work, we are to figure out the electronic and transport properties of exo-coordinated thiacrown molecules and find the possibility for application in molecular electronic devices.
Specifically, the exo-coordinated thiacrown used for the present work is Fe(9S 3 ) 2 , a sandwiched structure consisting of two 9S 3 (1,4,7-trithiacyclononane) molecules and one Fe atom. We find that when Fe(9S 3 ) 2 is connected by two Au nanoelectrodes via the thiol group, the molecule displays a bistability: a low-spin (LS) state as the ground state and a high-spin (HS) metastable state. The energy difference between them is 465 meV. Interestingly, however, these states are either conducting or insulating. Due to the suitable energy difference between the two states and their totally different conductivity, Fe(9S 3 ) 2 based devices are regarded as theoretically reasonable and experimentally available candidates for switches or memories in molecular electronics.
II. MODEL AND COMPUTATIONAL METHODS
In our calculations, the two-terminal device (as shown in Fig. 1 ) is separated into three parts: the two Au(100) nanoelectrodes (75 Au atoms) and the scattering region in between. The two semi-infinite leads are periodically arranged with 12, 13, 12, 13, … atoms in the atomic layers along the transport direction (z-axis). The scattering region includes a Fe(9S 3 ) 2 molecule, connected to two pyramidal-shaped Au electrodes at the top site via a sulfur anchoring atom. The other 3 and 4 Au atomic layers at each side of the scattering region are taken as surface layers to ensure a good screening of the Hatree potential of the scattering region in the transport direction. For metallic leads, the screening length (namely, the surface layers) is very short. With 3-4 layers, the potential and charge density of the surface layers already saturate to the bulk value. Thus, generally, 3-4 layers are enough to be selected as the surface layers. theory (DFT), as implemented in the SIESTA package. 31 The interactions of the core electrons and nuclei with the valence electrons are described by Troullier-Martins pseudopotentials. 32 The energy shift DE PAO for defining the cutoff radii of orbitals is taken as 200 meV, and the real space mesh cutoff is chosen as 200 Rydberg. The local density approximation (LDA) with Ceperley-Alder (CA) form is selected for the exchange-correlation potential. A double f plus polarization orbital basis set is used for all the atoms in the molecule and the S atoms which link the molecule with the electrodes to form a junction and a single f plus polarization orbital basis set is applied to the Au atoms in the leads. The Brillouin zone for the leads is sampled by a 1 Â 1 Â 20 kpoint grid. A vacuum region of about 15 Å in the x and y directions is introduced in order to avoid the interactions between images created by the periodicity imposed. All the structures are fully relaxed until the force tolerance is reached at 0.02 eV/Å under zero bias.
The electronic transport properties are explored using the SMEAGOL code, 33, 34 which interfaces SIESTA and calculates self-consistently the density matrix of the scattering region in the presence of current and external bias by means of non-equilibrium Green's function technique. Away from equilibrium, the bias was applied by setting the chemical potential of the left and right leads as l L ¼ l þ eV b =2 and l R ¼ l À eV b =2, respectively, where l is the Fermi level of both leads and V b is the applied bias. The transmission function is calculated by the following Landauer formula: 35, 36 
where G R/A are the retarded/advanced Green functions of the scattering region and C L/R are coupling functions to the left/right leads. The current is obtained in Landauer formalism by integrating the transmission over the bias window around the Fermi level
where f ðE À l L =l R Þ are the Fermi distribution functions of electrons in the leads.
III. RESULTS AND DISCUSSIONS
Geometry relaxations are performed with SIESTA by taking the central region shown in Fig. 1 as a supercell. 37 After full relaxation, it is found that the system has two stable configurations characterized by different magnetic moments, namely, HS and LS states. The total magnetic moments of the HS and LS states are 3.86 and 0.0 l B , respectively. According to the Mulliken population analysis, the remarkable magnetic moment of HS state is mainly contributed by Fe atom (3.7 l B ), while the local moment of Fe in LS state is completely quenched. The energy difference between them is 465 meV. In the following, we will show that the significant difference in the magnetic moments in the two spin states is actually determined by their geometry details.
In both cases, the Fe(9S 3 ) 2 molecule adopts a C i conformation with Fe atom occupying the crystallographic inversion center. Four S atoms from two thiacrown rings (any two sulfur atoms from one thiacrown together with its centrosymmetric sulfur atoms from the other thiacrown) coordinate to the Fe center to form a square-planar geometry. The remaining two S atoms lie almost perpendicular to the equatorial FeS 4 plane. These two facially coordinating tridentate thiacrown ligands provide a distorted octahedral environment for Fe. However, as displayed in Tables I and II , the bond lengths and angles vary considerably from HS to LS state, leading to a distinctly different crystal fields. Especially, compared with the crystal structure of Fe-thiacrown (Fe-S bonds are about 2.25 Å ), 38 the HS state is in an expanded geometry with longer Fe-S bonds ($2.44 Å ), while the LS state is in a slightly contracted way with shorter Fe-S bonds ($2.2 Å ). Moreover, the S-C-C 0 -S torsion angle in the HS state is much larger than that in the LS state. An increase in this torsion angle indicates an increase in the inter-sulfur distance and also a rotation of the interior lone electron pair on the S atom away from the Fe-S bond. 39 These factors result in a much weaker metal-sulfur orbital overlap and consequently a much weaker crystal field provided by the sulfur atoms for the Fe atom in the HS state, which keeps Fe in a large exchange splitting leading to a high-spin complexes (Fig. 2(a) ). Wherever in the LS state, the stronger metal-sulfur orbital hybridizations remove the exchange splitting (Fig. 2(b) ). As a result, 3.86 l B magnetic moment is observed in the HS state and 0 l B in the LS state.
It is also noteworthy about the position of the Fermi level shown in Fig. 2 . Generally, in crystalline materials, the Fermi level should be right above a single spin down t 2g state in HS and triply occupied t 2g states for LS. However, in such a two probe system, the Fermi level is found to be far above these states. In fact, in HS, the Fermi level is even right below another t 2g state. This is easy to understand because in crystalline materials (like transition metal oxides), the Fermi level is determined by the d orbitals of the transition metal atoms, and the energy levels of other atoms are generally much lower than the d orbitals. In a two probe system like what is studied in our work, the thiacrown molecule containing one Fe atom is connected to two infinite metallic gold leads. The Fermi level is determined by the metallic leads, namely, by the s electrons of the gold leads, not by the d electrons of the Fe atom in the thiacrown molecule. Thus, it will not be suspicious to see that the Fermi level lies far above a single spin down t 2g state of the Fe atom in HS, or far above triply occupied t 2g states for LS. Besides the distinct difference in the magnetic moment, the transport performances of the molecule in the HS and LS states are also totally different. This can be seen clearly from the I-V curves shown in Fig. 3 . At low bias, the current in the HS state increases rapidly. In contrast, the current in the LS state is much smaller by about one to two orders of magnitude. Thus, the two bistable states can be easily discriminated from each other through the I-V curve measurement. Next, we will look into the origin of the big difference in the I-V curves.
Since the current passing through the scattering region is obtained from the Landauer-Buttiker formula by integrating the transmission function over the bias window near the Fermi level, 35 we explored the transmission functions at zero bias shown in Fig. 4 . Under zero bias, the total transmission coefficient (T, the sum of both up and down spins) as a function of energy has a large and wide peak from À0.37 to 0.46 eV around the Fermi energy in the HS state. The equilibrium conductance is 0.48 G 0 (G 0 ¼ 2e 2 h : conductance quantum). However, it is negligible in the same range in the LS state with the equilibrium conductance only 0.012 G 0 , which is nearly 40 times smaller than that in the HS state. To gain a further deeper insight how the electronic configurations affect the transport properties, we calculate the projected density of states (PDOS) near the Fermi level of Fe-3d, S-p, and C-p orbitals in the Fe(9S 3 ) 2 molecule for the HS/LS states as presented in Fig. 5 . Due to the sandwich structure of the molecule, the current flowing from the left lead to the right lead must pass through the Fe atom. Thus, the electronic states of Fe atom and its coupling with S, C atoms surrounding it, are vitally important for the transmission. We see clearly from the picture that in the energy region of the transmission peak around the Fermi level in the HS state, Fe has a considerable contribution and a strong hybridization with C 2p and S 3p orbitals in the -CH 2 -CH 2 -S-ring. Due to the charge transfer from the leads to the molecule and energy level broading in a two probe environment, the d orbitals right above the Fermi level in the spin down channel shown in Fig. 2 state, in spite of the large states located on the C atoms, there are nearly no significant states localized on the Fe and S atoms, so that it blocks the electron transmission, leading to negligible transmission coefficients. Finally, we note that, due to the moderate energy difference between these two states, a transition can be triggered by certain external stimulus; meanwhile, a switching between OFF and ON states may be achieved. In this regard, the Fe(9S 3 ) 2 molecule has the potentiality to design molecular switches or memories.
IV. CONCLUSION
In conclusion, by density functional theory calculations, we have explored the electronic structures and transport properties of the Au-Fe(9S 3 ) 2 -Au junction. It is found that the junction displays bistable states, namely, a high spin state with 3.86 l B magnetic moment and a low spin state with 0 l B magnetic moment. Due to the moderate energy difference of 465 meV between these states, the junction can be stabilized at room temperature, and it is possible to switch from the low-spin ground state to the high-spin metastable state by pressure, or external field stimulus. Accompanying with such a transition between different spin states, electrical switching can be observed, which is shown as a nearly insulating state in the LS state and a conducting state in the HS state. This demonstrates an OFF and ON capability and thus the Fe(9S 3 ) 2 molecule can be applied as promising switches or memories in future molecular electronics. 
